Batch cultures of Hyphomicrobium X mut 1 lacking methanol dehydrogenase activity were grown in media containing both methylamine and ethanol as carbon source. The pattern of growth did not show the characteristics of diauxic growth but methylamine was the preferred substrate. When the concentration of the methylamine in the medium fell to 9 mM ( 0.8 mM), ethanol was utilized and the two substrates were then utilized simultaneously until the methylamine was exhausted from the medium. Growth then continued using ethanol. The levels of key enzymes and the Qo2 values for the two substrates supported this growth pattern and accounted for the measured uptake of the two substrates from the medium. When the wild-type Hyphomicrobium
INTRODUCTION
Hyphornicrobium X is able to grow on a number of C, compounds and on some C2 compounds. During growth on C1 compounds, the energy required for growth is generated by the oxidation of the compound to formate and finally to carbon dioxide and water (Harder & Attwood, 1975; Attwood & Harder, 1978) . Carbon is assimilated using the icl-serine pathway (Harder et al. 1973; Attwood & Harder, 1977) . In contrast, when the organism grows on C2 compounds, the substrates are converted to acetyl-CoA and this is then fed into the TCA cycle (Attwood & Harder, 1974) . When the organism is grown in a mixture of a C, compound plus a C2 compound, the mechanisms which regulate the synthesis of key enzymes for growth on both C1 and C2 compounds can be investigated. When the wild-type Hyphomicrobium X was grown initially in media containing methanol, methylamine or formate as the carbon and energy source and then in media containing ethanol, the growth on ethanol was not reproducible. Occasionally, growth on ethanol failed to become established. Subsequently, this was shown to be due to the activity of methanol dehydrogenase which was induced during growth on any C, compound. Methanol dehydrogenase was able to rapidly oxidize the ethanol to acetate and the acetate was then excreted and accumulated in the medium (up to 16 mM). Since little or no energy is generated by this conversion, long and non-reproducible exponential phases and occasionally cessation of growth occurred (Marison & Attwood, 1982) . Because of this possible complication, the preliminary work on growth on mixed substrates (methylamine and ethanol) was carried out using a mutant of Hyphomicrobium X (mut 1) which lacked a methanol dehydrogenase activity but was not impaired during growth on methylamine or formate (Marison & Attwood, 1982) . Such an organism can grow in medium containing both methylamine and ethanol without interference from the dual substrate specificity of methanol dehydrogenase. When a system using the mutant had been developed, the wild-type Hyphomicrobium X was grown in medium
containing a similar range of mixed substrates. These final studies showed that the information obtained with the mutant was relevant to the wild-type Hyphomicrobium X .
METHODS
Organism and growth. Hyphomicrobium X mut 1 and wild-type Hyphomicrobium X were maintained as previously described (Marison & Attwood, 1982) . In all experiments the organisms were grown in a Microferm fermenter with a working volume of 18 L. The medium composition was as described by Van Dijken et a f . (1975) with the carbon sources ethanol and methylamine as stated in the individual experiments. During growth, the pH was kept constant at 7.0 by the addition of NaOH (1 M). The culture was controlled throughout at 30 "C and the dissolved oxygen in the medium was maintained above 50% saturation by the addition of sterile air and constant stirring.
Growth. This was followed turbidimetrically at 430 nm.
Qo, values. These were determined using an oxygen electrode (Yellow Springs Instrument Co., Ohio, U.S.A.) as described by Dijkhuizen & Harder (1975) . The final concentration of substrates used was 10 mM.
Residual substrate concentration. Samples were rapidly withdrawn from the cultures, the cells removed by filtration and the cell-free media kept on ice. The concentration of methylamine was estimated using the amine oxidase purified from Arthrobacter P-1 (Levering et af., 1981) . Using an oxygen electrode, the oxygen uptake was measured in reaction mixtures (3.0 ml) containing 250 ~M-KH,PO,/KOH buffer pH 8.0, 200 pg catalase and purified amine oxidase. After equilibration at 30 "C the endogenous rate of oxygen uptake was measured and the reaction was started by the addition of the sample containing methylamine (10 pl). Methylamine concentrations were determined from standard curves obtained by the same procedure but using known concentrations of methylamine to start the reaction.
Ethanol was estimated using a gas chromatograph equipped with a flame ionization detector (Pye series 104), coupled to a computing integrator (Pye-Unicam CDP1). The glass column (1.5 m x 4 mm id.) was packed with Poropak Q and held at 160 "C. Nitrogen (40 ml min-l) was used as the carrier gas and methanol was the internal standard.
Dry weighr and protein determination. Dry weights were determined from measurements of turbidity (430 nm). The relationship between dry weight and turbidity was linear to an optical density value of 2.0.
Protein was determined by the method of Lowry using bovine serum albumin as standard. Preparation of cell-free extracts. At appropriate time intervals, samples (500 to 1500 ml) were withdrawn from the cultures, centrifuged (5000 g, 20 min), washed twice in 50 ~M-KH,PO,/KOH buffer pH 7.5 and resuspended in 5 vol. 100 ~M-KH,PO,/KOH buffer pH 7.5, containing 5 m~-MgCl,. Ice-cold cell suspensions were disrupted by sonication (MSE disintegrator, 150 W) for 5 x 1 min successive periods interspersed with 1 min cooling periods. Unbroken cells and debris were removed by centrifugation (3500 g, 30 min, 2 "C). The supernatant (1 to 10 mg protein ml-l) was used as the crude cell-free extract in assays measuring the levels of key enzyme activities.
Enzyme assays. All enzyme activities were measured at 30°C using a Pye-Unicam SP1800 double-beam recording spectrophotometer equipped with a thermostatted cuvette holder. In all assay systems the observed enzyme rate was proportional to the amount of cell-free extract added, and linear for at least 3 min. One unit of enzyme activity is defined as the amount of enzyme that produces 1 pmol product, or coenzyme reduced or oxidized, min-l. Specific activities are defined as units (mg protein)-'. Enzyme activities were measured using previously reported methods : L-serine : glyoxylate aminotransferase, EC 2.6.1.45, and hydroxypyruvate reductase, EC 1. (Harder et a f . , 1973) .
Chemicals. All chemicals were of analytical reagent grade. All purified enzymes and coenzymes were obtained from Boehringer. Buffer solutions were prepared as described by Dawson et a f . (1969) .
R E S U L T S A N D D I S C U S S I O N

Growth on mixtures of methylamine and ethanol
The pattern of growth of Hyphomicrobiurn X mut 1 on equimolar mixtures of methylamine and ethanol (10 mM or 20 mM each) showed that although methylamine was the preferred substrate for growth, diauxic growth did not occur (Fig. 1) . During the first phase of growth only methylamine was utilized, but when the concentration of methylamine in the medium decreased below 9 mM ( & 0.8 mM) growth occurred as a result of simultaneous utilization of both methylamine and ethanol until all the methylamine in the medium was exhausted. The final phase of growth utilized ethanol only. This pattern of growth occurred not only on equimolar mixtures but also during growth on a wide range of mixtures of methylamine and ethanol. The mixtures used had different concentrations of methylamine (8 to 30mM) and ethanol (8 to 40 mM) such that the ratio of methylamine to ethanol was greater than one, one, or less than one. Under these conditions, in both mutant and wild-type, ethanol utilization commenced when the methylamine concentration had fallen to between 8 and 9 mM.
During growth on each different mixture of the two substrates, samples of the cells were taken, harvested and washed twice in ~O~M -K H , P O , / K O H buffer pH7-5 and then resuspended in either 100 ~M-KH,PO,/KOH buffer containing 5 m~-MgC1, and used to prepare cell-free extracts, or resuspended in 50 ~M-KH,PO,/KOH buffer pH 7-5 and used to measure (Io2 values for the two substrates. The cell-free extracts were analysed for key enzymes involved in growth on methylamine and ethanol. Three groups of enzymes were measured: (i) serine pathway C, assimilation enzymes -L-serine : glyoxylate amino transferase and hydroxypyruvate reductase, together with the C dissimilatory pathway enzyme formate dehydrogenase (NAD-dependent) ; (ii) the C2 assimilation-dissimilation pathway enzyme, ethanol dehydrogenase (NAD-dependent); and (iii) enzymes which may have a role during growth on both methylamine and ethanol -citrate synthase and malate dehydrogenase (NAD-dependent). The results are shown in Figs 2 and 5. The C1 enzymes (both assimilatory and dissimilatory enzymes) were present during all the phases of growth. The enzyme activity levels were maximal during growth on methylamine, and when the methylamine was exhausted from the medium the enzyme levels became lower. The ethanol dehydrogenase (NAD-dependent activity) was not induced until the ethanol was utilized for growth and then the level of activity increased throughout the remaining growth period. Enzymes with roles during growth on both substrates were present throughout the growth period. However, the levels of activity of both enzymes, i.e. citrate synthase and malate dehydrogenase, were rapidly increased when ethanol was utilized for growth and these levels were maintained throughout the remaining growth period. This rapid increase in activity presumably reflects the major role of both enzymes in the TCA cycle.
The (Io2 values obtained with washed cell suspensions for the two growth substrates correlated well with both the growth pattern and the enzyme levels measured throughout the growth period (Figs 1 and 2) . These results are consistent with the idea that methylamine, when present above a certain minimal concentration, inhibits the growth of the organism on ethanol by catabolite repression. The synthesis of ethanol dehydrogenase (NAD-dependent) was inhibited until the concentration of methylamine in the medium fell below 9 mM. This observation was also supported by experiments in which the organism was grown in a medium containing equimolar amounts of the two substrates at a concentration below 9 mM [i.e. 8 mM each (Fig. 3) ]. Under these conditions, both substrates were utilized simultaneously throughout the growth period (Fig. 3) and the enzymes assayed showed no major changes from the results presented in Fig. 2 except that ethanol dehydrogenase was present at a specific activity of 0.01 units (mg protein)-' throughout growth. When the experiments were repeated using the wild-type Hyphomicrobium X, a similar pattern of growth was seen (Figs 4 and 5) . Ethanol was utilized simultaneously with methylamine but when the enzyme levels were measured, the specific ethanol dehydrogenase (NAD-dependent), which is induced during growth on ethanol, did not occur until the concentrations of methylamine in the medium had dropped to 9.0 mM & 0.8 mM. When the Qo2 values of the cells for not only ethanol and methylamine but also methanol were measured, it was shown that the Q,, values for methanol and ethanol were the same until the enzyme ethanol dehydrogenase (NAD-dependent) was induced. Thus the ethanol taken up by the cells before ethanol dehydrogenase was synthesized could be accounted for by the activity of the methanol dehydrogenase induced in the cells by the presence of methylamine. Hence the growth pattern obtained with the wild-type organism growing on a range of mixed substrates was the same as that seen with the mutant. Since ethanol is considered to be translocated into cells by passive or facilitated diffusion, the observed inability of the cells (wild-type or mutant) to utilize ethanol in the presence of methylamine concentrations greater than 9.0 mM cannot be explained in terms of inducer exclusion (Saier & Roseman, 1976) and it is more likely that the excess methylamine inhibits the ethanol dehydrogenase (N AD-dependent) synthesis by catabolite repression. Studies using
